The Volpe Center is supporting the Federal Railroad Administration in performing rail passenger equipment crashworthiness research. The overall objective of this research is to develop strategies for improving structural crashworthiness and occupant protection. A field study of passenger train accidents is being conducted to investigate the causal mechanisms of how train occupants are injured during accidents. The investigation of the April 23, 2002 collision in Placentia, CA is being used to develop occupant protection strategies. This process first required the development of two simulation models: a collision dynamics model and an occupant response model. These models suggested that workstation tables brought about fatal thoracic and abdominal injuries in two occupants. Improved crashworthiness performance workstation tables, which limit the abdominal load imparted by the table, are currently under investigation through modelling and full-scale testing with advanced anthropomorphic test devices.
INTRODUCTION
The Volpe Center has been supporting the Federal Railroad Administration in performing rail passenger equipment crashworthiness research. The overall objective of this research has been to develop strategies for incrementally improving structural crashworthiness and occupant protection. The structural crashworthiness research involves the modification of passenger rail equipment to preserve the occupant volume [1] . Preservation of the occupant volume is a necessity for preventing lifethreatening injuries in rail collisions. Once the occupant volume is preserved, occupant protection strategies can be implemented to reduce injury risk.
The objective of the occupant protection research is to evaluate occupant response in rail collisions, identify interior configurations for improvement of occupant safety, and develop improved occupant protection strategies for those configurations. There are three aspects to this research. First, accident investigations are conducted to identify the most common rail collision scenarios, along with the related modes and severities of the injuries to the occupants. Second, dynamic sled testing and full-scale testing is carried out to measure the occupant response and evaluate occupant protection strategies. Third, computer modelling is used to supplement sled and fullscale testing as well as determining the likely occupant response in common rail collision scenarios.
This approach ensures the most efficient use of data from rail collisions, so that similar injuries can be prevented in the future. This paper describes how information collected from the Placentia, CA rail collision has been used in the development of improved occupant protection strategies. This collision was unique in that the mode of failure of the impacted passenger car was uncharacteristic, and there were two occupants who sustained fatal injuries from impacts with workstation tables. Thus, the workstation tables have been identified as an injury hazard, and the process of developing and testing countermeasures has begun.
APPROACH
In the automotive industry, field studies yield a significant amount of information due to the relatively large number of accidents involving fatalities. The modes and severities of the injuries can be correlated with the accident scenarios in a statistically significant fashion. This allows occupant protection strategies to be designed against the results of numerous accidents. Since passenger rail accidents resulting in fatalities are rare, a different approach is needed to improve occupant protection. It is typical for one specific collision to begin the process that leads to an improved occupant protection strategy.
A field study of passenger train accidents is currently being conducted. In the event of a collision, investigators seek to characterize the occupant environment. The occupant environment includes the deceleration of the occupant volume and the characteristics of the interior structures. This allows the determination of causal mechanisms for the injuries to the train occupants. The most likely collision scenarios, along with the likely modes and severities of occupant injury associated with these scenarios, are identified for further study.
Full-scale testing of passenger rail equipment is carried out for the most likely scenarios identified by the literature review and field studies. Included on the full-scale tests are Anthropomorphic Test Devices (ATDs, or test dummies) to measure the occupant response. Key components of the measured response are compartmentalization, occupant kinematics, and injury risk. Dynamic sled testing can also be used to evaluate the occupant response in rail collisions, as well as analyzing occupant protection strategies.
The last form of occupant protection research is modelling. Multi-body dynamics occupant response computer models are developed and refined based on the results from full-scale testing. These models estimate the occupant kinematics and injury risk, as well as verifying compartmentalization. Models are useful because they are much less expensive and time-consuming than fullscale testing, thus can be used to analyze a wide range of occupant environments. Furthermore, computer models can be used to supplement the accident investigations in order to clarify any uncertainties. Figure 1 summarizes this approach.
Placentia, CA approach
The mode of structural failure of the impacted passenger car the Placentia, CA collision resulted in high longitudinal acceleration and significant lateral motion. This environment was aggravated by the inability of the interior structures to compartmentalize the occupants. Occupants seated at workstation tables sustained the most severe injuries associated with the collision.
The first step in the analysis of the Placentia, CA collision was an investigation of the scene. To clarify the details of the occupant environment, two models were created. First, a collision dynamics model was used to estimate the gross motions of the cars in the passenger train. The deceleration of the occupants relative to the impacted car was approximated by the occupant response model. Both the accident investigation and the models identified thoracic and abdominal injuries from impact with workstation tables and subsequent loss of compartmentalization as the likely cause of the fatal injuries sustained by two occupants.
The next step was to conduct a full-scale test in a similar occupant environment. Experimental ATDs with an increased capacity for measuring thoracic and abdominal injury were used on this test. The final step in the process will be to construct and test an improved crashworthiness design workstation table.
ACCIDENT INVESTIGATION
On April 23 rd , 2002, an eastbound freight train approached a westbound passenger train on the same track, although there were 2 sets of tracks at that location. The conductor of the passenger train was able to see the freight train, and brought the passenger train to a complete stop at the Atwood control point in Placentia, California. At approximately 8:10 a.m., the freight train, though in full emergency braking at the time, collided head-on with the passenger train. The passenger train had been travelling in a cab car leading arrangement, where the cab car was the westernmost car in the passenger train [2, 3] . Thus, the lead locomotive in the freight train collided with the cab car in the passenger train. Figure 2 shows the arrangement of each train. In a typical head-on collision, the impacted end of the car is expected crush longitudinally, parallel to the tracks. However, in this case, the majority of the crush occurred towards the rear of the lead car in the passenger train and perpendicular to the tracks, as shown in Figure 3 . The lateral accelerations generated by this form of structural collapse aggravated the loss of compartmentalization of the occupants. These accelerations, combined with already severe longitudinal accelerations, made for a notably harsh occupant environment.
Overall, 161 of the passengers and crew were transported to local hospitals. Two of these passengers sustained fatal injuries [2, 3] . Both of the passengers who sustained fatal injuries were seated in facing-seat configuration with an intervening workstation table. Along with these two fatalities, there were several other serious injuries sustained by passengers seated adjacent to the workstation tables. The injuries consisted of broken ribs, lacerations of organs in the abdominal cavity, and a wide variety of facial injuries [4] .
MODELLING
In order to use the accident investigation data to develop strategies to protect the occupants in this and similar scenarios, additional analysis is necessary. The information obtained from the accident investigation was useful in characterizing several aspects of the occupant environment, such as the interior structures impacted by the occupants and the modes and severities of injury. However, there were several aspects of the investigation that were inconclusive. Models were used to simulate the Placentia collision and corroborate the investigation data. First, a collision dynamics model approximated the acceleration pulse brought about by the structural failure of the impacted cab car. This model also supported evidence of the impact velocity, which is necessary to determine the acceleration pulse. This acceleration pulse was the input into an occupant response model, which estimated the kinematics and injury risk to the occupants.
Collision dynamics model
The collision dynamics model used to simulate this collision was created using MSC.ADAMS version 12.0 software [5] . This model was based on a model used to simulate the full-scale train-to-train impact test [6] . This model simulates the impact of a moving locomotive-led freight train with a stationary cab car-led passenger train. Each passenger car is represented by a lumped mass and attached to subsequent passenger cars with non-linear springs that simulate the dynamic structural behaviour of the car end. The force-crush characteristic of these non-linear springs has been determined from previous modelling and fullscale testing of passenger cars [6] . To account for the mode of deformation experienced during the collision, the cab car was divided into two rigid bodies attached with an additional non-linear spring. The characteristic of this non-linear spring was varied in the modelling phase to achieve the proper deformation. The two force-crush characteristics used in the collision dynamics model are shown in Figure 4 .
To determine the acceleration-time history of the passenger train, the impact velocity is a necessary figure. One way to determine the impact velocity is to determine the distance travelled by the freight train after the impact. Since the freight train was nearly a mile long, the addition of the passenger train to the consist after impact should not have significantly affected the stopping distance. The collision dynamics model predicts the combined consist travelling 235 feet after the impact. Additional evidence was provided by the investigators to estimate this distance. One was the video from a surveillance camera from a nearby factory. While this camera did not capture the actual impact, the investigators were able determine the location of the impact. Based on this evidence, the distance travelled after impact was estimated to be 243 feet [2, 3] . Figure 5 shows the time sequence of events captured by the surveillance camera.
Another source of evidence to provide clarification was the event recorder of the lead locomotive in the freight train. These data are sparse, recording the velocity of the train in one mile per hour increments at a sampling rate of one data point per second. This data alone is not sufficient to determine the deceleration-time history of the impacted passenger car, since the duration of the impact is on the order of 250 milliseconds. However, it does allow a correlation to be drawn relating the impact velocity to the distance travelled by the combined consist after the collision. A velocity-distance graph is shown in Figure 6 . This graph shows the distance travelled by the combined consist on the x-axis and the corresponding velocity on the y-axis. The data from the event recorded is shown as black diamonds, and the collision dynamics model is shown as a grey line. Table 1 shows the results from the most characteristic case. The most important output from the collision dynamics model is the acceleration pulse seen in the front section of the impacted passenger car. The correlation of the collision dynamics model with the collision investigation information, most importantly the event recorder data, provides confidence that this acceleration pulse is accurate. This acceleration pulse is used as the input for the occupant response model. The acceleration in the longitudinal direction at the centre of gravity of the cab car is shown in Figure 7 . Figure 4 Force-crush used in the ADAMS model of the Placentia, CA collision. risk. Compartmentalization is the ability of the interior structures of the rail car to limit the motion of the occupant during a collision. Compartmentalization is lost, for instance, if an occupant overrides a forward seat back or travels laterally into the aisle of the passenger car. Generally speaking, the velocity of an occupant relative to the passenger car will increase until an interior structure is impacted. Thus, as the distance travelled by the occupant increases, the secondary impact velocity increases as well, this, in turn increases the risk of injury to the occupant. Compartmentalization has been shown to be an effective occupant protection strategy [7] .
Occupant kinematics defines the motion of the occupant during the collision. This includes the biomechanical response of the body to impacts with the interior structures. The velocity, position, and orientation of the occupant affects the mode and severity of injuries brought about from secondary impacts.
In full-scale testing and computer modelling, measurements of loads and accelerations are taken to evaluate the risk of injury to the head, chest, neck, and femurs of the occupant. These measurements are compared to maximum injury criteria values to determine the injury risk to the occupant. Injury criteria that have commonly been used in the rail industry are the head injury criterion (HIC), neck injury criterion (Nij), continuous 3 ms chest deceleration (3 ms), and femur load.
The occupant response model is a multi-body dynamics model implemented in MADYMO 6.0 [8] . The objective of this model is to simulate the most likely occupant response based on the available evidence. The model is used to evaluate the compartmentalization, kinematics, and injury risk of the occupant. These factors correspond to the evidence collected from the accident investigation. From the accident investigation, it appears that both of the occupants who sustained fatal injuries were not Black box data vs. ADAMS model Figure 6 Results from most characteristic case. compartmentalized. The occupant kinematics is more difficult to recreate, since the exact motion of the injured occupants is unknown; however, the investigation identified several interior structures that were impacted by the occupants. From the accident investigation, it was suggested that blunt abdominal trauma contributed to the injuries that resulted in the two fatalities. Evaluating the injury risk due to blunt abdominal trauma is difficult because there are currently no widely accepted abdominal injury criteria. In the United Kingdom, where seating arrangements with workstation tables are common, suggested tolerances have been proposed for two important measures of abdominal injury [9] . The first is that the overall force that can be sustained should be below 6.73 kN. The second is the visco-elastic response of the abdomen, similar to that of the chest, also labelled the viscous criterion. For the abdomen, the viscous criterion should be below 1.98 meters per second.
The occupant response model used to assess injury criteria includes the two occupants that sustained fatal injuries. Several initial positions were simulated, and the results were compared with the accident investigation data.
The results from the most characteristic case are shown in Table 2 . In the model, both occupants experienced chest deflection and chest acceleration values very close to the tolerance level, and the thoracic viscous criterion and combined thoracic index both exceed the tolerance level. Therefore, these models indicate that there is a high probability of the occupant sustaining a serious injury, confirming the assessment that workstation tables contributed to the fatal injuries sustained by two of the occupants in the Placentia, CA collision.
The simulations suggest that the workstation table should have two important characteristics to protect the occupant. First, the table should compartmentalize the occupant. If the table gives way, the occupant will impact additional interior structures at a higher velocity. Compartmentalization can be accomplished by strengthening the table attachments and frame. Second, the table should have an edge that both limits and distributes the load imparted on the abdomen. The force-crush characteristic of the edge of the table must be optimized to achieve this objective. To design an improved crashworthiness workstation table, both of these factors must be implemented to minimize the injury risk to the occupant. The workstation tables used in this test were modified versions of the type involved in the Placentia collision. The table attachments were strengthened to ensure compartmentalization of the occupant. This modification guarantees measurement of the maximum loads imparted on the table by the occupant. The maximum loads will be used to define the required strength of the attachments of an improved crashworthiness design. The table loads also provide an estimate of the peak abdominal load experienced by the occupant.
The MADYMO occupant response model that was used in the Placentia, CA simulations was modified to simulate occupant environment for the full-scale two-car impact test. This model was the basis for positioning the ATDs and selecting the appropriate instrumentation channels. An acceleration pulse obtained from a threedimensional collision dynamics model of the impact test [10] was used as the input to the occupant simulation. The longitudinal component of the acceleration pulse is expected to be similar in severity to that of the Placentia, CA collision. Figure 8 shows the estimated occupant response in the full-scale two-car test. The model results indicate that the impact of the table on the abdomen of the ATD would exceed the proposed injury criteria values. The peak load and viscous criterion were predicted to be greater than the suggested tolerances of 6.73 kN and 1.98 m/s respectively [11] .
The preliminary data from the full-scale two-car impact test is in agreement with the model results. Since the workstation table attachments did not fail, the occupant was successfully compartmentalized. Both the kinematics and the measured thoracic and abdominal displacementtime histories show agreement with the pre-test model [11] . As expected, the proposed abdominal force and abdominal viscous criterion injury criteria values were exceeded. The images below show the pre-test and posttest positions of the Hybrid 3RS ( Figure 9 ) and THOR ( Figure 10 ) test devices.
DISCUSSION AND CONCLUSIONS
The data collected from the occupant experiments on the full-scale two-car impact test will be used for several purposes. The peak table attachment loads measured during the test will be used to form the strength criteria for an improved crashworthiness design. Along with the table loads, the thoracic and abdominal displacements and accelerations will be used to refine the occupant response model. The ability of the experimental test dummies to estimate abdominal injury will be investigated. The kinematics and injury measurements for the Hybrid 3RS and THOR ATDs will be compared. This work is part of a collaborative effort with the UK's Rail Safety and Standards Board to determine the reliability of these test dummies.
The occupant protection strategy to mitigate the injury risk associated with workstation tables requires both strengthening the table attachments and integrating a frangible table edge to limit and distribute the abdominal load. Several steps are necessary to implement this strategy. First, the refined occupant response model will be used to develop design criteria. An idealized force-crush characteristic of the table edge will be developed from simulations using this model. Second, these criteria will be used to evaluate potential table designs. Finally, one or more candidate designs will be constructed and assessed in a combination of dynamic sled testing and experiments on the full-scale crash energy management train-to-train impact test scheduled for 2005.
This paper describes the process of developing occupant protection strategies carried out after the Placentia, California rail collision on April 23, 2002. This process began with an in-depth investigation of the accident. Next, a collision dynamics model was created that clarifies some aspects of the investigation and established unknown elements of the occupant environment. An occupant response model, based on relevant characteristics of the occupant environment, confirmed that impact with the workstation tables brought about serious and fatal thoracic and abdominal injuries to the passengers. This conclusion focused attention on the improvement of design of the workstation tables. Experiments on a full-scale impact test using the Hybrid 3RS and the THOR, estimated thoracic and abdominal injury from impact with the tables. The next step in the process, currently underway, is to identify countermeasures to reduce the risk of thoracic and abdominal injury from workstation tables. The improved crashworthiness design 
